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INTRODUCTION
Concrete is the predominant construction material for buildings, bridges, wharves, and other infrastructure in Europe, Australia and elsewhere. A potentially important factor for asset management is the possible influence of climate change. This may alter the environment to which infrastructure is exposed, and in turn may alter the factors known to affect the corrosion of reinforcing steel, including atmospheric CO 2 concentration, temperature, humidity, ocean acidification, airborne pollutants, etc. Depending on the precise exposure conditions, each of these can influence initiation or progression of corrosion and thus have a detrimental effect on maintenance costs and remaining life. The annual cost of corrosion worldwide is estimated to exceed $1.8 trillion, which translates to 3% to 4% of the Gross Domestic Product (GDP) of industrialised countries [1] . Since the direct and indirect costs of corrosion are immense, a climate-change induced acceleration of the corrosion process by only a few percent can result in increased maintenance and repair costs of hundreds of billions of dollars annually.
Until recently all corrosion research assumed constant average climatic conditions for the development of deterioration models. However, even under an optimistic scenario where CO 2 emissions are abated to reduce temperature increases to 2˚C by 2100, the International Panel on Climate Change (IPCC) [2] reports that such a scenario (B1 or A1T) is likely only if nonfossil energy sources dominate. An increase in temperature will increase the rate of infiltration of deleterious substances (increased material diffusivity) and increase the corrosion rate of steel. Optimum relative humidity levels may also increase the rate of infiltration of deleterious substances [3] . Typically these parameters must be considered as random variables or stochastic processes, and their statistical characteristics will gradually change with time. An appropriate framework for dealing with this problem is structural reliability and risk-based decision analysis.
Bastidas-Arteaga et al. [4] proposed a stochastic approach to study the influence of global warming on chloride ingress for RC structures. They found that chloride ingress could induce reductions of the corrosion initiation stage varying from 2% to 18%. Concerning corrosion propagation until failure, Bastidas-Arteaga et al. [5] found that global warming could reduce the time to failure by up to 31% for RC structures subject to chloride ingress. Recent work also focused on the assessment of climate change effects on the durability of concrete structures in specific locations. Stewart et al. [3] found that the temporal and spatial effects of a changing climate can increase current predictions of carbonation-induced damage risks by more than 16% which means that one in six structures will experience additional and costly corrosion damage by 2100 in Australia and presumably elsewhere. Wang et al. [6] studied the impact of climatic change on corrosion-induced damage in Australia. They proposed a probabilistic approach to assess corrosion damage taking into account the influence of climate change on areas characterised by different geographical conditions. Talukdar et al. [7] estimated the effects of climate change on carbonation in Canadian cities (Toronto and Vancouver). They found potential increases in carbonation depths over 100 years of approximately 45%. However, this work did not consider the uncertainties related to climate, materials and models.
A benefit of a probabilistic approach to damage prediction is that it enables a risk-based economic assessment of climate adaptation strategies. In addition to reducing environmental exposure as much as possible, practical adaptation solutions in new designs may come from increasing cover and strength grade, or any approaches that reduce material diffusion coefficient without compromising the reliability and serviceability of concrete. Stewart et al. [8] considered the effect of climate adaptation strategies including increases in cover thickness, improved quality of concrete, and coatings and barriers on damage risks. It was found that an increase in design cover of 10 mm and 5 mm for structures where carbonation or chlorides govern durability, respectively, will ameliorate the effects of a changing climate.
The present paper extends this decision framework considerably to assess the costs and benefits of two climate adaptation measures aiming to reduce the impact of chloride-induced corrosion damage: (i) increase in design cover, and (ii) increase in strength grade of concrete. The cost-effectiveness is measured in terms of Benefit to Cost Ratio (BCR) equal to benefits divided by the cost. The stochastic analysis also enables the probability that BCR exceeds unity to be estimated as Pr(BCR>1). In this case, while mean BCR can be high, there may be a likelihood of BCR less than one (net loss) which is risk-averse decision-maker may need to consider when making a decision. To be sure, other decision metrics can be used, such as maximising net present value (net benefit), or minimising life-cycle costs. While the formulations may differ, the decision outcomes will be identical, and BCR is selected as this seems to be a metric that government and policy makers are familiar with. The results of the paper will help provide practical advice to policy makers to help 'future proof' built infrastructure to a changing climate.
Section 2 describes the main considerations for climate change modelling based on the recommendations of the IPCC. The deterioration models used for the probabilistic assessment of BCR under climate change will be presented in Section 3. Section 4 depicts the repair strategy, the probabilistic framework and illustrates the assessment of time-dependent damage risks due to climate change. Finally, Section 5 describes the proposed framework for the BCR analysis and details the assessment of the adaptation costs that are used in the illustrative example (Section 6).
CLIMATE CHANGE MODELLING

IPCC Climate Change Scenarios
The future climate is projected by defining carbon emission scenarios in relation to changes in population, economy, technology, energy, land use and agriculture, represented by a total of four scenario families, i.e., A1, A2, B1 and B2 [2] . Sub-categories of the A1 scenario included differing energy sources (fossil intensive, non-fossil energy and a balance across all sources, for example, A1FI, A1T and A1B, respectively). In addition, scenarios of CO 2 stabilisation at 450 and 550 ppm by 2150 were also introduced to consider the effect of policy intervention [9] . Hence, the A1FI or A2, A1B and 550 ppm stabilisation scenarios represent high, medium emission scenarios and policy intervention scenarios, respectively. The IPCC Fifth Assessment Report (AR5) [10] uses Representative Concentration Pathways (RCPs) where RCP 8.5, RCP 6.0 and RCP 4.5 are roughly equivalent to A1FI or A2, A1B, and A1B to B1 emission scenarios, respectively [11] . These RCPs were considered to be representative of the literature, and included a mitigation scenario leading to a low forcing level (RCP 2.6), two medium stabilisation scenarios (RCP 4.5/RCP 6) and one high baseline emission scenarios (RCP 8.5) [12] .
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Uncertainties for Climate Projections
Climate projections are subject to considerable uncertainty that depend on CO 2 emission scenarios and accuracy of general circulation models (GCM). These uncertainties can be classified into three types [13, 14] : -Internal uncertainty is related to the natural variability of the climate system without considering any anthropogenic climate change effect. There are weather disturbances of different duration, size and location that turn climate into a chaotic system. Consequently, it is currently impossible to predict future climate at different scales (daily, monthly, yearly, etc.) even for the more complete climate models and short-time windows. -Model uncertainty (also known as response uncertainty) is associated to the fact that GCMs simulate different changes in climate in response to a given radiative forcing. This kind of uncertainty depends mainly on the simplifications and assumptions that are implemented for each GCM to simulate natural systems. -Scenario uncertainty is related to the assumptions made to define each climate change scenario that determine the future radiative forcing used in climate projections (e.g., future emissions of greenhouse gases, population growth, introduction of clean technologies, changes in land use, etc.). Figure 1 illustrates how these uncertainties interact over time for surface temperature projections and two different scales: global (earth) and regional (British isles) [13] . At a global scale, it is observed that model and internal uncertainties are initially predominant ( Figure 1a) . However, scenario uncertainties grow considerably and become the most important source of uncertainties after 50 years. A regional scale changes the relative importance of uncertainties. Internal uncertainty has initially the largest importance because regional weather is largely affected by random weather and climate fluctuations. Model uncertainties have the largest importance from 20 to 70 years. The importance of scenario uncertainties grows significantly during the latter part of the century (after 70 years).
Complexity of these uncertainties implies several considerations for the assessment of climate change effects on civil infrastructure: -Use of several climate trajectories from a same GCM to account for internal uncertainty. -Use of several climate trajectories for various GCMs to account for model uncertainty.
-Consider several climate change scenarios to account for scenario uncertainty. A scenario of no change in climate may make economic sense as a 'no regrets' policy even if climate predictions are wrong. -Verify that climate change projection be representative of climate at the scale of the study (local, regional, global). For instance, downscaling is required to represent climate at a local scale. Exchanges with climate scientists are paramount for selecting appropriate climate parameters for specific problems. Special attention should be paid to the assessment of climate change effects related to rare climate events (extreme temperatures, wind, precipitations, etc.).
Scenario-based Approach for Modelling Climate Change
The deterioration models considered in this study account for the effects of environmental relative humidity and temperature. Studying climate change effects and cost-effectiveness of adaptation measures on a particular structure requires downscaled outputs of GCMs. This work does not focus on a given structure or place but it aims at generalising trends for several climate change scenarios based on IPCC projections. These projections announce global temperature rises from the baseline of 1990 range from 1.1˚C (lower bound for 550 ppm by 2150 emission scenario) to 6.8˚C (upper bound for A1FI emission scenario) [2] . Projections for changes in relative humidity (RH) are less precise, however, the CSIRO Mk3.5 climate model predicts RH changes of -16.4% to +1.2% for Australia [6] , and IPCC [2] predicts reduced RH for Europe. To take into account scenario uncertainty for different places worldwide, a scenario-based approach is used herein where results are presented for temperature changes of 0˚C to 6˚C in 100 years, and relative humidity changes of -10% to 20% in 100 years. Figure 2 presents the yearly projections of temperature and RH for the city of Nantes (France) and three climate change scenarios. These projections were computed by the French general circulation model SCRATCH-ARPEGE-V4-RETIC [15] . This model was selected to represent the climate of this city because it is able to account for climate projections at a regional scale within a 8 km grid. It is noted that climate change projections announce a temperature increase and RH decrease for all scenarios. The most important changes in temperature and RH are related to the larger emission scenarios described in Section 2.1. Figure 2 also shows linear approximations that are quite reasonable for all emission scenarios. This linear trend was also reported in [16] . Nevertheless, more pronounced nonlinear climate change projections could be found for other places. Consequently, this approximation could lead to errors in the assessment of the adaptation time if the decision maker aims at determining the optimal time of adaptation. In such a case and when focusing on a particular location, it is strongly recommended to implement downscaled climate change projections as used in [16, 17] .
Internal uncertainty is considered in this study by integrating a stochastic climate model to generate random daily climate variations of temperature and relative humidity. It is based on the Karhunen-Loève expansion and its formulation is detailed in [5, 18] . Model uncertainty does not follow the definition of previous section (that corresponds to simplifications of GCMs) but it encompasses the uncertainty of the stochastic climate model.
DETERIORATION MODELLING
Deterioration modelling allows estimating the effects of chloride ingress with regard to serviceability or ultimate limit states. Ultimate limit states are highly dependent on both, geometrical characteristics (cross-sectional dimensions, span length, etc.) and loading (dead, live, seismic, etc.). Therefore, to generalise the results, this work focuses on a serviceability limit state in which the cost-effectiveness of adaptation measures is evaluated in terms of its effect on the time to corrosion damage of the concrete cover (severe cracking or spalling). Corrosion-induced cover cracking and damage occurs on the concrete surface above and parallel to the rebars. The time to corrosion damage, (severe cracking or spalling), T sp is thus obtained as the sum of three stages: (i) corrosion initiation (T i ); (ii) crack initiation (T 1st , time to first cracking -hairline crack of 0.05 mm width), and; (iii) crack propagation (T sev , time for crack to develop from crack initiation to a limit crack width, w lim ) -i.e., T sp =T i +T 1st +T sev . After corrosion initiation, the kinematics of T 1st and T sev is controlled by corrosion propagation.
Corrosion Initiation
The time to corrosion initiation, T i , is estimated by comparing the chloride concentration at the cover depth, c t , with a threshold concentration for corrosion initiation C th . The adopted chloride ingress model considers the interaction between three physical processes: chloride ingress, moisture diffusion and heat transfer. Each phenomenon is represented by a partial differential equation (PDE) expressed in the following general form [18] :
where ψ represents the studied parameter (chloride concentration, relative humidity content or temperature), t is the time and the correspondence between ζ, J, J' and the terms for the physical problem is presented in Table 1 . For chloride ingress, C fc is the concentration of free chlorides, h is the relative humidity and D c * and D h * represent the apparent chloride and humidity diffusion coefficients, respectively:
where [19] , w e is the evaporable water content, and f i and g i are correction functions to account for the effects of temperature, relative humidity, ageing and degree of hydration of concrete. These functions are detailed in [18] . The term ∂C bc /∂C fc represents the binding capacity of the cementitious system which relates the free and bound chlorides concentration at equilibrium. A Langmuir isotherm is used in this work. The constants of the isotherm are α L =0.1185 and β L =0.09. For moisture diffusion, the humidity diffusion coefficient D h is estimated by accounting for the influence of the parameters presented in Eq. (3). The term ∂w e /∂h (Table 1) represents the moisture capacity which relates the amount of free water, w e , and the pore relative humidity, h. For a given temperature this relationship has been determined experimentally by adsorption isotherms. According to the Brunauer-Skalny-Bodor (BSB) model, the adsorption isotherm depends on temperature, water/cement ratio, w/c, and the degree of the hydration attained in the concrete, t e . This work adopts the BSB model to represent the moisture capacity.
Finally, for heat transfer (Table 1 ) ρ c is the concrete density, c q is the concrete specific heat capacity, λ is the thermal conductivity of concrete, and T is the temperature inside the concrete after time t.
The boundary conditions at the exposed surfaces consider the flux of ψ crossing the concrete surface, q ψ s (Robin boundary condition) [19] 
where B ψ is the surface transfer coefficient, ψ s is the value of ψ at the exposed surface and ψ env represents the value of ψ in the surrounding environment for each physical problem. The terms in Eq. (4) are also presented in Table 1 . By fitting experimental data, Saetta et al. [19] reported that BC fc varies between 1 and 6 m/s. Typical values of B h are in the range of 2.43-
4.17×10
-7 m/s [20] . Finally, Khan et al. [21] observed that B T fluctuates between 6.2 and 9.3 W/(m 2 ºC). The flow of chlorides into concrete is estimated by solving simultaneously the system of equations described by Eq. (1) and Table 1 . The numerical approach used to solve the coupled system of PDEs combines a finite element formulation with finite difference to estimate the spatial and temporal variation of C fc , h and T.
Corrosion Propagation
Chloride-induced corrosion is characterised by pitting corrosion with a time-variant corrosion rate i corr (t) (µA/cm 2 ). Given the complexity of the corrosion process, i corr depends on many factors such as concrete pH and availability of oxygen, and water in the corrosion cell. For instance, the optimum relative humidity for corrosion is 70-80%. This study considers the following time-variant corrosion rate model that takes into account the effect of temperature changes [22, 23] :
where i corr,20 is the corrosion rate at 20 ºC, T(t) is the temperature at time t (in ºC) and K c is a factor that depends on the value of T(t).
Corrosion rates are obtained from various sources [24] . The corrosion rate is assumed lognormally distributed with statistical parameters for a temperature of 20 o C given by [24] , see Table 2 . These values take into account the concrete grades suggested for the corresponding exposure classes. The LIFECON project proposes a more realistic model for corrosion rate that accounts for the actual concrete resistivity, the influence of chloride content, the galvanic effects and the availability of oxygen [25] . However, the quantification of various parameters of such a model is partly missing. A model that considers RH and temperature effects on corrosion rate proposed by Breysse et al. [26] shows that a lower RH decreases corrosion rate when RH is less than a reference RH which equals to 80%. However, there is a large variability for corrosion rates at the same RH, and it is still possible for corrosion rate to be high when RH is low [27] . This work used the DuraCrete model given by Eq. (5) to avoid including more model uncertainties into the problem. However, once more information becomes available, this model could improve the assessment of climate change effects on the corrosion propagation because it includes, among others, the effect of relative humidity variations.
Crack Initiation and Propagation
The time to crack initiation, T 1st , is based on the model by El Maaddawy and Soudki [28] . The time to severe cracking, T ser , referred to herein is the time when concrete cover cracking reaches a limit crack width of 1 mm. Mullard and Stewart [29] have modelled rate of crack propagation which includes a confinement factor (k c ) that represents an increase in crack propagation due to the lack of concrete confinement around external reinforcing bars. If the reinforcing bar is in an internal location then k c =1, but for rebars located at edges and corners of RC structures then k c is in the range of 1.2 to 1.4. For more details see [29] .
The times of crack initiation and propagation depend on the corrosion rate. Therefore, Eq. (5) is used herein to account for the time-dependency of these times on corrosion rate including climate change effects. They are also dependent on concrete strength -i.e., tensile concrete strength, f t , and elastic modulus of concrete E c . These parameters are computed in terms of the compressive strength, f c . Concrete strength is time-variant, and the timedependent increase in concrete compressive strength after one year using the ACI method is f c =1.162f c (28) where f c (28) is the 28 day compressive strength [30] . Time-dependent gains in strength beyond one year are not considered in the present analysis.
REPAIR STRATEGY AND DAMAGE RISKS
The cumulative distribution function for the time of first damage in the period [0, t] for original concrete is:
where T sp is the time when concrete cover severely cracks (reaches limit crack width w lim ), and where the asset owner can specify the limit crack width as the criterion for repair. A patch repair is the most common technique to repair corrosion damage in RC structures -e.g., [31, 32] . For a patch repair, the concrete cover is typically removed to approximately 25 mm past the steel bars (which are then cleaned of corrosion products) and a repair material is installed. The maintenance strategy assumes that [33] : − concrete is inspected at time intervals of Δt; − patch repair is carried out immediately after corrosion damage has been discovered at time of i th inspection at time iΔt; − damage limit state exceedance results in entire RC surface being repaired; − repair provides no improvement in durability performance of the repaired structure (i.e., it is repaired with the same cover and concrete quality as the original design specification); − damage may re-occur during the remaining service life of the structure, i.e., multiple repairs may be needed. The maximum possible number of damage incidents is n max = T t /Δt, where T t is the total lifetime. In addition, the time-dependent damage risks of the repaired material will not be the same as the original material p s (t) due to changed temperature and humidity at the time of repair (i.e. when the concrete is new). Hence, the damage risk for repaired (new) concrete exposed to the environment for the first time at time of repair, t rep = iΔt, will change depending on the new climatic conditions and time of repairs:
where T sp,i is the time to severe cracking when new concrete is exposed to the environment for the first time after repair.
Numerical Example
Problem Description and Main Assumptions
This example will illustrate the assessment of time-dependent damage risks for new RC structures placed in a chloride-contaminated environment under various exposures and climate change scenarios. Two chloride exposure zones are considered: (i) atmospheric, and (ii) splash and tidal. For the sake of simplicity, it is also assumed chloride ingress in one dimension and that all the structural components will be subject to the same environmental conditions for a given exposure zone. The climatic conditions are defined by an oceanic environment placed at a middle latitude (i.e., Europe) where the yearly mean temperature and relative humidity vary between the intervals [5ºC; 25ºC] and [60%; 80%], respectively. According to Eurocode 2 [34] , these conditions correspond to XS1 and XS3 exposures for atmospheric, and splash and tidal zones, respectively. Table 3 summarises the adopted durability design requirements for a structural lifetime of 100 years and a rebar diameter of 16 mm. The design covers account for an allowable execution tolerance of 10 mm. This paper also considers the minimum characteristic compressive strength, f' ck , recommended by the Eurocode 2. As expected, the Eurocode 2 recommends concretes with higher strength and larger design covers for more aggressive exposures. The probabilistic models used to estimate damage probabilities (p s ) are presented in Table  4 . It is assumed that all the random variables are statistically independent. Figure 3 presents the time-dependent probability of severe cracking for various climate change scenarios and the XS1 and XS3 exposures. Although the durability requirements are lower for the XS1 exposure (Table 3) , the overall trend indicates that corrosion damage risks are higher for structures exposed to a XS3 environment characterised by a higher environmental chloride content (splash and tidal zone). Figure 3 clearly shows that the rate of damage risk is highly dependent on climate change effects and environmental exposure. If there is no climate change, the probability of severe cracking increases with time and remains constant irrespective of time of repair. However, if climate change reduces the environmental relative humidity, i.e. ∆RH=-10% in 100 years, the chloride ingress mechanism slows down, and consequently, the probability of severe cracking decreases. For instance, for a XS3 exposure and a time after repair of 50 years, the probability of severe cracking decreases from 0.05 to 0.006 if the structure is new or repaired after t rep =50 years, respectively. In this case, climate change has a 'positive effect' on RC durability reducing by 8.3 times corrosion damage risk. An opposite behaviour is observed when climate change increases the temperature and relative humidity. For the same conditions, the probability of severe cracking increases from 0.25 to 0.76 if the structure is new or repaired after t rep =50 years, respectively. For the modelled environmental conditions (XS1 and XS3 exposures in a middle latitude), damage risks are more sensitive to changes in relative humidity. Different sensitivities will be observed if the structure is subject to other climate conditions. For instance, in tropical environments where there are no significant seasonal variations in temperature and relative humidity the effects of both on the probability of severe cracking will be different [4] . Therefore, the time-dependency of damage risks should be considered for a comprehensive cost-benefit analysis of adaptation measures.
Time-Dependent Damage Risks
COST BENEFIT ANALYSIS
Costs and benefits may occur at different times so in order to obtain consistent results it is necessary for all costs and benefits to be discounted to a present value. If it is assumed that corrosion damage is always detected when the structure is inspected then the expected damage cost E damage (T t ) is the product of probability of corrosion damage and damage costs, i.e., where T t is the service life (typically T t =100 years), Δt is the time between inspections, n is the number of damage incidents, i is the number of inspection, p s,n (t) the probability of the n th damage incidence before time t, C damage is the cost of damage including maintenance and repair costs, user delay and disruption costs, and other direct or indirect losses arising from damage to infrastructure. For example, an asset owner should be able to quantify the unit repair cost ($/m 2 ), and if the area of damage is known then repair cost can be estimated. Eq. (8) can be generalised for costs arising from multiple limit states, such as flexural failure, shear failure, etc. Corrosion damage (severe corrosion-induced cracking) is considered herein as the most influential mode of failure for the estimation of benefits. Eq. (8) can be written in a different form as:
where ΔP s,i is the probability of damage incident between the (i-1) th and i th inspections which is a function of time since last repair which is turn is affected by damage risks for original and repaired concrete p s (0,t) and p si (iΔt,t), respectively.
The risk reduction caused by an adaptation measure is thus:
where E damage-existing (T t ) and E damage-adaptation (T t ) are the cumulative expected damage cost (economic risk) for no adaptation measures (existing practice -i.e, 'business as usual' or 'do nothing') and adaptation measures, respectively. If an adaptation measure is effective then E damage-adaptation (T t ) will be significantly lower than E damage-existing (T t ) resulting in high risk reduction ΔR(T t ). In other words, ΔR(T t ) represents the proportional reduction in expected repair costs due to an adaptation measure. Two criteria will be used to assess the cost-effectiveness of adaptation strategies: (i) Benefit-to-cost ratio or BCR and (ii) Probability of cost-effectiveness or Pr(BCR>1). The 'benefit' of an adaptation measure is the reduction in damages associated with the adaptation strategy, and the 'cost' is the cost of the adaptation strategy. The benefit-to-cost ratio BCR(T t ) is:
where C adapt is the cost of adaptation measures that reduces risk by ΔR. Clearly, an adaptation measure that results in a benefit-to-cost ratio exceeding unity is cost-effective. Since costs and benefits are time-dependent then it follows that benefit-to-cost ratio is also timedependent. Thus, an adaptation measure may not be cost-effective in the short-term, due to high cost for example, but the benefits may accrue over time resulting in cost-effectiveness in the longer-term. The analysis assumes that many input variables are random variables (see Table 4 ) and so the output of the analysis (BCR) is also variable. This allows 10 th and 90 th percent lower and upper bounds of BCR to be calculated, as well as the probability that an adaptation measure is cost-effective for a service life T t denoted herein as Pr(BCR>1).
Monte-Carlo simulation analysis is used as the computational tool to propagate uncertainties through the cost-benefit analysis, although analytical methods could also be used -e.g., [35] . For all adaptation options construction and repair cost data are needed, and such cost data is country, site and structure specific and so it is difficult to make generalisations about these costs. In this paper cost are expressed in 2012 U.S. dollars. It is assumed that design and inspection costs are similar for different adaptation measures and so they are not needed for this comparative analysis. Hence, adaptation strategies will only affect the expected damage costs. As we are concerned about outdoor exposures then the external RC structural elements of interest are slabs, beams and columns. Corrosion damage is assumed to occur on one (exposed) face of a slab and beam, and all faces of a column.
Cost of Damage (C damage )
The cost of repair or replacement and associated user losses, etc. are considerable and for some structures user losses are often much greater than direct repair, replacement and maintenance costs. Val and Stewart [36] assumed that the cost of RC bridge deck replacement doubles the construction cost based on cost data for removal and replacement costs. However, this is likely to over-estimate the repair costs for most corrosion damage. The estimated cost for concrete patch repair using ordinary Portland cement is $440/m 2 [31, 37, 38] . User losses and other user disruption costs are site and structure specific, but for many RC structures such costs will be minimised if the RC element to be repaired is an external structural member such as walls, columns or facade panels. However, for bridges closure of one lane for a four lane bridge can cause user delay costs of $61,000 per day [37] . To allow for a minor user disruption cost the total damage cost is assumed as C damage =$500/m 2 .
Cost of Adaptation (C adapt )
The baseline case for construction cost per unit volume (C cv ) including forms, concrete, reinforcement, finishing and labour is approximately $750-$1300/m 3 , $1400-$1550/m 3 and $1200-$2400/m 3 for RC slabs (4.6-7.6 m span), RC beams (3.0-7.6 m span) and RC columns (300 mm × 300 mm to 900 mm × 900 mm), respectively [39] . These costs will be therefore used to estimate the costs of the two adaptation strategies.
Adaptation Strategy I: Increase in Design Cover
It is assumed that an increase in design cover would increase cost of forms, concrete, reinforcement, finishing and labour by an amount proportional to the extra volume of concrete needed. Since C damage units are $/m 2 of surface area, but C cv is given as per unit volume, then cost of construction (C c ) and C adapt should be converted to cost per surface area exposed to deterioration, and so is corrected for structural member dimension such as slab depth or beam or column width (D). Table 5 describes the data and the relationships used to evaluate the adaptation costs. Identical formulations apply for RC square and circular columns where D is the column width or diameter, respectively.
Based on the information given in Table 5, Table 6 presents the adaptation costs for various structural elements (per mm of extra cover). This table also presents the adaptation costs for 5 and 10 mm increase in extra cover. Clearly, adaptation costs are higher for a square column if cover is increased on all four faces of a square RC column, and damage can occur on all four faces.
Adaptation Strategy II: Reducing Diffusion Coefficient by Increasing Strength Grade
The cost of normal weight ready mix concrete using Ordinary Portland Cement including aggregates, sand, cement and water (but excluding additives and treatments) delivered on-site increases from $145/m 3 to $415/m 3 for 24.1 MPa and 68.9 MPa concretes, respectively [39] . The reference (base) concrete grade specified in the Eurocode 2 [34] for each exposure class is presented in Table 3 . If the cost of 30 MPa concrete ($147/m 3 ) is deducted from these costs, then the additional cost of specifying a strength grade above 30 MPa is:
where f' ck is the characteristic strength grade (or design compressive strength). Similarly as the adaptation strategy I, all costs are converted to cost per surface area exposed to deterioration. Table 7 presents the strengths and additional costs of increasing strength grades for the XS1 and XS3 exposures. C adapt-v increases for higher strength grades following Eq. (12). Table 8 summarises the relationships used to compute the adaptation costs for several structural elements as a function of the structural dimension D. Using these relationships, Table 9 shows the adaptation costs for various structural elements. Identical formulations apply for RC square and circular columns where D is the column width or diameter, respectively. Contrarily to the adaptation strategy I, adaptation costs decrease for structural elements of small size. The strength grade of concrete is influenced by many factors such as: water to cement ratio; cement type and content; aggregate to cement ratio; grading; shape, strength and stiffness of aggregate particles; etc. For a concrete produced with fixed cement and aggregate types and grading, strength of concrete is directly related to the water to cement ratio and cement content. Thus a concrete with lower w/c ratio and higher cement content could be considered as a concrete with a good strength grade. Taking into account several data for European concretes made with ordinary Portland cement [22] , Table 10 presents the mean values of the chloride diffusion coefficient D 0 for different strength grades, w/c ratios and cement contents. It is observed that higher strength grades relate to a larger cement content and lower w/c ratio and therefore chloride diffusivity. Consequently, the Eurocode 2 [34] recommends larger f' ck for more aggressive environments -i.e., Table 3 . It is also noted that D 0 becomes constant for concretes with f' ck > 40 MPa. It means that an improvement of strength grade higher than 40 MPa does not increase durability when the concrete is made with ordinary Portland cement. However, to reduce concrete diffusivity an alternate adaptation strategy could consist of changing the type of cement. The use of other concrete formulations as adaptation strategy is beyond the scope of this paper.
The chloride ingress model considered in this study uses a reference apparent chloride diffusion coefficient measured to standard environmental conditions, D c,ref -i.e., Eq. (2) [18] . Since there is no information about the influence of the strength grade on this parameter, this work assumes that the reduction of chloride diffusivity depends on a factor that is computed taking as a reference the value of D 0 for f' ck =30 MPa -i. Table 4 (D c,ref =3×10
-11 m 2 /s). According to [19, 22, 40] , it is also assumed that this parameter follows a lognormal distribution with the COV given in Table 4 .
Discount Rates
Discount rates are influenced by a number of economic, social and political factors and thus can be quite variable. For example, discount rates used by various government agencies are: Australia 7%, U.S. 2-3%, UK Department of Transport, Sweden 4% and Finland 6% [36] . However, Maddocks [41] in a report to the Australian Department of Climate Change and Energy Efficiency concludes that "Given the long life of infrastructure and the potential impact of climate change on future generations, a significantly lower discount rate (than 7%) may be appropriate."
Discount rates are generally assumed constant with time. However, this may not be appropriate when considering intergenerational effects often associated with climate change policy decisions [42] . Projects with significant effects beyond 30-50 years are considered intergenerational, and so for example, the British Treasury recommends that following timedeclining discount rates [43] : 3.5% (0-30 years), 3.0% (31-75 years), 2.5% (76-125 years), 2.0% (126-200 years), 1.5% (201-300 years), and 1.0% (300+ years). There is some controversy about time-declining discount rates [44] , and the Australian OPBR states that "there is no consensus about how to value impacts on future generations" and "Rather than use an arbitrarily lower discount rate, the OBPR suggests that the effects on future generations be considered explicitly" [45] .
ILLUSTRATIVE EXAMPLE
This section will illustrate the probabilistic assessment of the cost-effectiveness of adaptation strategies for a RC structure under the structural and exposure conditions described in Section 4.1.1. These results were computed for a discount rate r=4%, a structural lifetime T t =100 years and the XS1 and XS3 exposures. The first part of the example performs a parametric study for the adaptation strategy I (increase in design cover). Afterwards, the example focuses on the comparison with the adaptation strategy II (increase of concrete structural grade).
Adaptation Strategy I: Increase in Design Cover
Damage costs
Damage costs depend on many factors such as kinematics of the deterioration process, material quality, time and extent of repair, etc. Figure 4 presents the expected damage costs (E damage ) for existing cover and two extra cover designs for various climate change scenarios and the XS1 exposure. The case without climate change, ∆RH=0% and ∆T=0ºC, is also presented in Figure 4 . It is observed that damage costs increase when both the variations in temperature and relative humidity are most important for the existing cover and the adaptation solutions. This is explained by the rise of both chloride ingress and corrosion rate when the structure is exposed to higher temperature and relative humidity due to climate change [4] . Therefore, the acceleration of these deterioration mechanisms increases the number of repairs and damage costs during the structural lifetime. It is also noted that adaptation strategies reduce the mean damage costs because the number of repairs is reduced and/or the time to repair is longer when there is an increase of the concrete cover. Similar results were found for the increase of the structural grade. It seems that a 10 mm increase of the design cover is the more effective adaptation strategy. However, these results cannot be used to compare the cost-effectiveness of an adaptation strategy because they do not include the adaptation costs. The adaptation costs will be considered in the following BCR study.
This study assumed chloride ingress in one dimension and that all the components in a given zone (XS1 or XS3) will be exposed to the same conditions (environmental chloride content, temperature and relative humidity). Under these conditions, all the components in a given zone will have the same probability of damage, and therefore, expected damage costs are independent of the type of structural element. The influence of the type of structural element will be considered in the probabilistic BCR analysis that accounts for different adaptation costs for each element -e.g., Tables 6 and 9.
Probabilistic BCR Analysis for Different Structural Components, Exposures and Climate Change Scenarios
As presented in Tables 6 and 9 , adaptation costs are different for each structural element. Figure 5 presents the cumulative probability of the BCR estimated for various structural components (slabs, beams and columns) and both environmental exposures, for a 5 mm increase in design concrete cover and T t =100 yr. The results correspond to a pessimistic global warming scenario where ∆RH=20% and ∆T=6ºC in 100 years. In both figures, the curves start at probability values different than zero. This starting point is directly related to the 'probability of no repair' during the structural lifetime T t . For instance, for these climate change conditions, the probabilities of no repair for T t =100 years are 0.38 and 0.03 for the XS1 and XS3 exposures, respectively ( Figure 3 and t rep =0 years) . This means that when there is no repair, the expected cost of damage is zero and consequently BCR=0. Thus, for BCR=0 the cumulative probability in Figure 5 is very close to the probability of no repair. Tables 11 and 12 summarise the mean BCR and Pr(BCR>1) for various climate change scenarios the XS1 exposure and two structural components (slab and column). For all structural components, Figure 5 and Tables 11 and 12 show that the mean of the BCR is highly dependent on both the exposure and the type of structural component. The mean BCR is lower for both the XS1 exposure and small structural components. In some cases the mean BCR is lower than 1 indicating that the adaptation strategy is not cost-effective for some structural components under given climate change scenarios. Similar behaviour is observed for the Pr(BCR>1) where the probabilities of cost-effectiveness are lower for (i) small structural elements for which the adaptation cost is higher (e.g., Table 6 ) and (ii) less aggressive environments where corrosion damage risks are lower during the structural lifetime XS1.
Higher temperature and relative humidity accelerate the deterioration processes by increasing the cost-effectiveness of the implementation of an adaptation measure. For RC slabs (Table 11) , the mean BCR is only higher than one when climate change could induce increases of relative humidity equal or higher than 10% in 100 years. However, even under these scenarios, the Pr(BCR>1) indicates that the risks associated to a bad investment are higher. This behaviour is similar for columns (Table 12 ) but mean of BCR and Pr(BCR>1) are smaller because the adaptation cost is higher (Table 6) .
Different adaptation strategies could be envisaged depending on the type of structural element, exposure, climate change scenario and structural configuration. Tables 11 and 12 also include two options for the adaptation strategy (i.e., 5 and 10 mm increase). By comparing both adaptation strategies, it is noted that an increase of 5 mm cover provides higher estimates of BCR and Pr(BCR>1). However, the likelihood that BCR>1 is less than 60% even for a pessimistic (worst-case) climate change scenario of ∆RH=20% and ∆T=6˚C. Table 13 provides the mean BCR and Pr(BCR>1) for various climate change scenarios and the XS3 exposure. It is observed that for all climate change scenarios, the mean BCR is higher than 1 indicating that these adaptation measures provide benefits when compared to existing cover requirements. This confirms that the benefits of increasing concrete cover are higher for this aggressive environment. When the uncertainties are included in the analysis, the results also show that Pr(BCR>1) are higher. Even if no climate change is expected, i.e. ∆RH=0% and ∆T=0˚C, the adaptation strategy is still cost-effective because the mean BCR is 2.16 with a Pr(BCR>1)>56% for 5 mm increase in design cover. As for the XS1 exposure, an increase of 5 mm gives higher BCRs than an increase of 10 mm.
On the other hand, as presented in Figure 3 , some 'positive' effects of climate change on concrete durability could be attended if RH decreases with time. These positive effects will therefore reduce the costs-effectiveness of adaptation measures. For instance, if the relative humidity decreases (i.e., ∆RH=-10%), the chloride ingress rate will also decrease diminishing the number of repairs and consequently repair costs. In such a case, Tables 11 to  13 indicate that the mean BCRs computed when there is no climate change are generally lower than the computed for the case when ∆RH=0%. This means that the benefits of the adaptation measures could be lower under some climate change conditions. However, for the XS3 exposure the mean BCR still exceeds one (Table 13) . Consequently, the effects of climate adaptation measures should be carefully evaluated in order to decide if they provide benefits of losses with respect to the existing design. Tables 11 and 13 indicate that the Pr(BCR>1) are very close for 5 mm and 10 mm increase of cover design for each exposure. This is explained by the fact that BCR depends on (i) costs that are common for all structural components (E damage-existing (T t ) and E damage-adaptation (T t ) (Eqs. (10) and (11))) and (ii) an adaptation cost that is specific for each component (Tables 6 and  9 ). To illustrate this point, Figure 6 presents the values used to assess the Pr(BCR>1) for various structural components, the XS3 exposure, two climate change scenarios, and increases of 5 mm and 10 mm of design cover. For a given adaptation alternative, all the curves follow a similar shape that is related to a fixed quantity computed in terms of the expected costs of the existing and adaptation solutions and that only depend on each exposure and climate change scenario. These curves are affected by a 'scale factor' that is specific for each component -i.e. adaptation cost. Since the adaptation cost is lower for slabs (D=300mm), the mean BCR is higher for this kind of components and the Pr(BCR) increases slowly in comparison to the other structural components. Thus the Pr(BCR>1) will be very close for 5mm and 10mm increase of design cover. An opposite behaviour is observed for the other structural components for which there are some differences on the Pr(BCR>1) for both variations of the adaptation strategy.
Effect of structural lifetime T t
Since cost-effectiveness of adaptation measures could vary depending on the structural lifetime of the project, Table 14 illustrates the mean BCR and Pr(BCR>1) for T t =50yr. By comparing these results with those presented in Table 13 for T t =100yr, it is noted that both mean BCR and Pr(BCR>1) are larger when T t =50yr. This is explained by the fact that the standard recommendations for design concrete covers vary in terms of T t . In the XS3 exposure and T t =50yr, the Eurocode 2 recommends a minimum concrete cover of 55 mm (including the allowable execution tolerance of 10 mm) that is smaller than the value proposed for T t =100yr (Table 3) . Larger values of mean BCR and Pr(BCR>1) imply that the cost-effectiveness of the adaptation strategy is very large for this exposure and a shorter
structural lifetime. BCR and Pr(BCR>1) are higher even when no climate change is considered (ΔRH=0% and ΔT=0ºC in Table 14) indicating that increasing design cover for this aggressive environment for T t =50yr is still interesting. Different conclusions could be drawn if the analysis focused on a cover designed for 100 yr and a smaller time-window. In such a case, the cost-effectiveness of the adaptation strategy could be smaller because there is not enough time for the adaptation strategy to become profitable. Therefore, structural lifetime should be carefully defined for a comprehensive cost-benefit assessment of adaptation strategies.
Influence of discount rate
The results of the cost-benefit analysis are also influenced by the considered discount rates (Table 15) . By comparing with results obtained for r=4% and 5 mm increase of design cover (Table 13) , it is observed that the mean BCR and Pr(BCR>1) are very sensitive to r and both parameters are larger for small discount rates. This is explained by the fact that small discount rates imply that future costs are larger at present cost by increasing the costeffectiveness of adaptation measures for repairs close to the end of the structural lifetime. As discussed in Section 5.3, various governments recommend lower discount rates of about 2% for long-term investments. The probabilistic BCR analysis therefore shows that the adaptation strategies are more cost-effective according to these recommendations. Tables 16 and 17 give the mean BCR and Pr(BCR>1) for two variations of adaptation strategy II (increase of one and two strength grades) and two environmental exposures. For the XS1 exposure, the increase of one strength grade could produce a mean BCR higher than one if no climate change is expected or if there are increases of temperature and relative humidity dues to climate change. For the XS3 exposure, the mean BCR is higher than one for all climate change scenarios indicating that the adaptation measure is cost-effective even if climate change is not expected. By comparing the results for the increase of one and two strength grades, it was found for both exposures that the increase of two strength grades is less cost-effective. The difference is most important for the XS3 exposure (Table 17 ). This is explained by the fact that there is no a durability improvement that reduces chloride diffusivity when the strength grade is higher than 40 MPa (Table 10) . By comparing the maximum BCRs for both adaptation strategies (Tables 11 and 13 ), this adaptation could provide higher mean BCRs for these slabs under both exposures. However, for the XS1 exposure, the Pr(BCR>1) remains lower than 60% even for the most pessimistic climate change scenarios. Different conclusions could be drawn for other structural components. Table 18 compares the mean BCR and Pr(BCR>1) for various structural components, both adaptation strategies, two climate change scenarios, and the XS3 exposure. Only the most cost-effective solutions for each adaptation strategy (increase of 5mm of concrete cover or one structural grade) are included in Table 18 . For adaptation strategy I, it is noted that both the mean BCR and Pr(BCR>1) are higher for slabs and other structural components with larger dimensions. Contrarily, for adaptation strategy II, the mean BCR and Pr(BCR>1) decrease for larger structural components for which the volume of required concrete is more important. An increase of structural grade seems to be the more cost-effective adaptation strategy for this type of aggressive exposure (XS3). Even without climate change, the mean BCR is in average 4.8 with Pr(BCR>1) varying between 43% and 56%. The costeffectiveness of adaptation strategy II increases by about 50% for a moderate climate change scenario characterised by increases of ∆RH=10% and ∆T=2˚C in 100 years. Based on these results, it can be then concluded that asset owners could decide to focus their investments on the adaptation of specific structural components or combine different adaptation strategies to maximise benefits by reducing risks.
Adaptation Strategy II: Reducing Diffusion Coefficient by Increasing Strength Grade
Summary
CONCLUSIONS
The kinematics of the chloride ingress and corrosion propagation mechanisms is highly influenced by the surrounding environmental conditions including climate change that could accelerate or decelerate these processes depending on specific exposure and environmental conditions. Therefore, it has been found that under these conditions damage risk assessment becomes time-dependent and this time-dependency should be included in the probabilistic assessment. Besides this consideration for damage risk assessment under changing climate effects, the results presented in this paper highlight that a comprehensive probabilistic costbenefit analysis of adaptation strategies should consider the following factors: type of structural element, exposure, and climate change scenario. These aspects were illustrated with numerical examples that considered two exposures and adaptation strategies for various RC structural components designed according to Eurocode 2. Concerning the adaptation strategies, it has been found that increasing of strength grade is generally more cost-effective than increasing of design concrete cover. The cost-effectiveness was higher under XS3 exposures where damage risks are higher even if climate change does not occur. Under these conditions, the increase of one structural grade was found as the adaptation strategy providing higher net benefits even without climate change or under 'positive' climate change effects. However, the cost-effectiveness of an adaptation measure could be improved by optimising the final strength grade or concrete cover as well as by combining various adaptation strategies for given components. Finally, it is important to highlight that these results were obtained for specific environmental conditions and different conclusions could be drawn under other exposures and climate conditions. Bastidas-Arteaga E, Stewart MG. Damage risks and economic assessment of climate adaptation strategies for design of new concrete structures subject to chloride-induced corrosion. Cumulative probability Benefit-to-cost ratio XS3 exposure ΔRH=20%, ΔT=6ºC Figure 6 . Assessment of Pr(BCR) for several structural components under a XS3 exposure, T t =100yr, and two climate change scenarios.
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